High pressure and high temperature properties of AB (A = 6 Li, 7 Li; B = H, D, T) are investigated with first-principles method comprehensively. It is found that the H − sublattice features in the lowpressure electronic structure near the Fermi level of LiH are shifted to that dominated by the Li + sublattice in compression. The lattice dynamics is studied in quasi-harmonic approximation, from which the phonon contribution to the free energy and the isotopic effects are accurately modelled with the aid of a parameterized double-Debye model. The obtained equation of state (EOS) matches perfectly with available static experimental data. The calculated principal Hugoniot is also in accordance with that derived from shock wave experiments. Using the calculated principal Hugoniot and the previous theoretical melting curve, we predict a shock melting point at 56 GPa and 1923 K. In order to establish the phase diagram for LiH, the phase boundaries between the B1 and B2 solid phases are explored. The B1-B2-liquid triple point is determined at about 241
I. INTRODUCTION
As the lightest ionic compound, as well as the highest mass content of hydrogen and the highest melting point of 965 K at ambient pressure 1 in alkali metal hydrides, LiH has been widely studied and applied in the fields of hydrogen storage 2 , thermonuclear fusion, and aviation and space industries [3] [4] [5] [6] . Early static compression experiment using diamond anvil cell (DAC) showed that LiH occupies an FCC lattice and orders in NaCl (B1) structure at ambient condition, and this structure is maintained up to at least 36 GPa (96 GPa for LiD) 7 . Under this pressure, all other alkali hydrides were observed to transform into CsCl (B2) phase (NaH at 29.3 GPa, KH at 4.0 GPa, RbH at 2.2 GPa, CsH at 0.83 GPa) [8] [9] [10] .
However, the same structural transition in LiH has yet to be observed, which stimulates broad and continuous high pressure experimental and theoretical researches. Recently, by
analyzing the x-ray diffraction (XRD) data obtained in DAC experiment 11 , it was shown that at room temperature LiH remains in the B1 structure under pressures up to 252 GPa, the highest pressure having been studied experimentally so far. In particular, the diffraction and Raman data indicated that the B1-B2 phase transition, as well as the accompanied metallization, may not be far beyond 252 GPa 11 .
With theoretical methods, the pressure-induced B1-B2 structural transition and the insulator-metal transition in LiH at low temperatures [12] [13] [14] [15] [16] [17] [18] [19] [20] have been extensively investigated. The mechanism of the B1-B2 structural transition 14, 15, 21 is often interpreted using phonon softening and elastic instability. On the other hand, the insulator-metal transition was shown to occur prior to the B1-B2 transition by both the local density approximation energy (ZPE) into account. If including the ZPE of harmonic phonons at the level of GGA and density-functional perturbation theory (DFPT), the B1-B2 phase transition pressure was predicted to be 308 GPa 19 . Using the plane-wave pseudopotential approach within the framework of DFT and DFPT, Zhang et al. 22 discussed the electronic, lattice dynamic, and thermodynamic properties of AB (A = 6 Li, 7 Li; B = H, D, T) at ambient conditions. They confirmed that the lightest isotope 6 LiH has the largest zero-point motion in a harmonic approximation. This implies that the isotopic effect may play an important role in the B1-B2 phase transition of lithium hydrides. The isotopic shift in the equation of state (EOS) between 7 LiH and 7 LiD at pressures up to 45 GPa was measured using DAC experiment 7 .
The DFPT calculation 23 (only up to 10 GPa) showed that the isotopic shift is mainly due to the difference in ZPE. At pressures up to 20 GPa, Dammak et al. illustrated the anharmonic contribution to the lattice vibrations and to the isotopic pressure shift between 7 LiH and 7 LiD by using the quantum thermal bath molecular dynamics (QTB-MD) within DFT-GGA calculations 24 . Even with these extensive studies, the agreement with experimental data did not improve systematically, and the contribution of the lattice vibrations and the isotopic shift in lithium hydrides is still controversial. Furthermore, there are very few researches dedicated to the finite temperature behavior of lithium hydrides, and the finite temperature phase diagram is almost uncharted.
In this paper, the vibrational spectrum of lithium hydrides at elevated pressures are accurately determined by ab initio quasiharmonic calculations, from which the equation of state (EOS) and the phase diagram are derived with the aid of a parameterized double-Debye model. The shock compression behavior and the change in the shock path by precompression are also assessed. The theoretical and computational details are described in the next section. In section III, the results and discussions are presented. The paper is summarized with conclusions given in section IV.
II. COMPUTATIONAL METHODOLOGY
Generally, the thermodynamics and the finite pressure-temperature phase diagram of a substance is determined by the Gibbs free energy, which consists of three parts in a solid: (i) the cold energy at zero temperature with nuclei at their equilibrium positions, (ii) the vibrational free energy contributed from lattice dynamics, and (iii) the free energy of thermal electrons 25 . In computer simulations, especially with first-principles total energy calculations, one usually obtains a set of discrete data of energy versus atomic volume, rather than a continuous curve of energy as an analytic function of density. To facilitate the practical application or post processing of the data, one would prefer to fit the discrete data to an analytical function or an equation of state, and then to derive a continuous and smooth curve. This not only endows the numerical data with physical implications, but also extends their application range greatly, if an adequate EOS model has been used. In this work, we fit the ab initio cold energies of the candidate solid phases to the Vinet EOS
in which
Here V 0 , K 0 , and K ′ 0 are the specific volume, the bulk modulus, and the derivative of bulk modulus with respect to pressure at the given reference state, respectively. The cold pressure is then evaluated by P c = − The vibrational free energy can be modelled by semiempirical models such as Einstein or Debye model. Since the parameters in these models usually are determined according to experiments performed at ambient conditions, their applicability to high pressures is restricted. Alternatively, the phonon spectra can be calculated directly using first-principles quasi-harmonic approximation (QHA). This approach does not rely on any empirical input, and has high accuracy and unlimited application range (in principle it can be applied as long as the solid phase is dynamically stable).
In the quasi-harmonic approximation, the vibrations are treated as a gas of 3N noninteracting phonons with frequencies ω i depending on the atomic volume, where N is the number of atoms per primitive cell. The vibrational free energy F F P in QHA is expressed as
where k B is the Boltzmann's constant, and T is the temperature. The thermal pressure is given by
where the mode Grüneisen ratio γ j = −∂ ln ω j /∂ ln V has been introduced. In practice, it is difficult to compute γ j . Alternatively, the vibrational free energy can be formulated as
by using the phonon density of states (phDOS) g F P (ω). It is evident that F F P is completely determined by g F P (ω).
The phDOS usually can be evaluated only on a discrete grid of volume. 
Here g
A(B) D
(ω) is the standard DOS of a Debye model, and has nonzero value of the 2nd order, all of them are dictated by the first-principles QHA phDOS g F P (ω). These lead to three constraints on the phonon characteristic temperatures θ 0 , θ 1 , and θ 2 as 25 :
By using θ 0 , θ 1 , and θ 2 , the Debye temperatures θ A and θ B (θ A ≤ θ B ) (which give rise to the respective density of state g A D (ω) and g B D (ω)) must satisfy a set of nonlinear equations:
Solving these equations gives the solution for ξ A , ξ B , θ A , and θ B , which then determine the double-Debye model by Eq. (6) . It is worth noting that all of these parameters are a function of the specific volume. The obtained phonon DOS g D (ω), though has features only qualitatively similar to the original g F P (ω), can reproduce the vibrational free energy very accurately. In order to account for the variation of the phonon DOS with respect to compression, the Grüneisen parameters γ {0,A,B} are introduced and defined as
The solution of Eq. (14) is
where θ 0 {0,A,B} is the value of θ {0,A,B} at the reference state with a volume of V ref .
In this way, the whole QHA free energy over a wide pressure and temperature range can be represented by a simple model with only nine parameters: θ 0 {0,A,B} , α {0,A,B} , and β {0,A,B} . Finally, the phonon contribution to the total free energy is expressed as:
with
in which the Debye function is given by
In this work, the cold energy is calculated with DFT 30,31 and plane-wave pseudopotential method, as implemented in the Vienna Ab-initio Simulation Package (VASP) 32, 33 . The
Perdew-Burke-Ernzerhof (PBE) parameterization of the electronic exchange-correlation energy functional 34 is used. The interaction between ions and valence electrons is described by the projector augmented-wave (PAW) pseudopotentials 35, 36 . The kinetic energy cutoff for the plane-wave basis set is taken as 900 eV, a 25 × 25 × 25 Monkhorst-Pack grid for the k-points sampling is used for both B1 and B2 structures. The convergence of these parameters is well checked, with the uncertainty in the total energy less than 1 meV per atom.
If ignore the effects of electron-phonon (E-P) coupling on electronic structure, the elec-tronic structures of all isotopes are the same in ab initio calculations. Since the major contribution to isotopic effects comes from lattice dynamics, we imposed this approximation in our work. In this case we alter the atomic mass in the standard pseudopotential to obtain the isotopic dynamics, which is a common practice when studying isotopic effects. Lattice dynamics and phonon density of states are calculated by using PHONOPY package 37 It should be noted that the contribution of thermoelectrons to the free energy in lithium hydrides is very small within our considered pressure and temperature range, and thus is neglected.
III. RESULTS AND DISCUSSION

A. Electronic structures
LiH is a large gap insulator at ambient condition. the experiment result. Because of the good performance of GW method for the band gap, all electronic structure calculations described below were carried out using this method.
In order to understand the electronic structure, the wave function is usually decomposed by projection onto atom-centered spherical orbitals with different angular momentum, and then to construct the differential charge density with respect to the atomic superposition to analyse the chemical bonding and charge transfer between atoms. It is a powerful tool to understand how quantum nature of electrons dictates material properties. Alternatively, for ionic compound such as LiH, since one expects a complete charge transfer from Li-2s
to H-1s, it could be regarded as a pure ionic compound with nominal charge states of +1
and -1. In this case, the electronic structure of LiH should be more similar to its cation or anion sublattice, rather than the superposition of the atomic orbitals. Therefore we can compare its total DOS with that of the (artificial but heuristic) cation or anion sublattice, so that to understand profoundly the interaction between the sublattices and how it modifies the charge distribution and electronic structures. It is necessary to point out that this is just to view the same problem from alternative perspective, and is complementary to the traditional decomposition of DOS into atom-centered spherical orbitals. For this reason, in the below we will analyse the electronic structures of LiH by both methods.
LiH at 0 GPa is assumed to be a pure ionic compound formed by sublattices of H − and Li + . In terms of atomic orbitals, the 2s electron of Li atom is transferred to H-1s state. The left 1s shell in Li + is thus closed and tightly bound to lithium nucleus, which is rigid and almost unresponsive to atomic environmental changes (see Fig. 1 
FIG. 3: (Color online)
The total and projected density of states of H − and Li + sublattices, and LiH in B1 structure at 300 GPa calculated by GW method, respectively. The Fermi-level is at zero. Note that the dotted vertical line for Li + sublattice does not correspond to the Fermi-level, rather it denotes a gap presenting in the conduction band.
B. Vibrational free energy at high pressures and temperatures
Although the GW mehod provides a better description of the electronic structures, it is computationally demanding and does not lead to a better total energy and forces. At the LDA or GGA level, the total energy and forces are usually well produced. For this reason, GGA is used to calculate the total energies in this work, which are then fitted to the Vinet EOS. The fitted parameters of LiH at the considered pressures range are shown in Table   I . It is necessary to point out that we fit the Vinet EOS to different pressure segments for different purpose separately. For those of high pressure fittings, their parameters do not have any physical implications. Only those of B1 phase fitted to data in 0-100 GPa can be compared to the experimental data directly. For lattice dynamics, the first-principles QHA is employed to calculate phonon spectra. In order to represent the discrete vibrational free energy data accurately, the double-Debye model (2DM) is employed. Variation of the Debye temperatures as a function of volume is described by the Grüneisen parameter. Table II 
FIG. 4: (Color online)
The total and projected density of states of H − and Li + sublattices, and LiH in B2 structure at 300 GPa calculated by GW method, respectively. The Fermi-level is at zero. Note that the dotted vertical line for Li + sublattice does not correspond to the Fermi-level, rather it denotes a pseudogap presenting in the conduction band. lists the fitted parameters of 2DM for both B1 and B2 phases of 6 LiH, 6 LiD, and 6 LiT, as well as the 7 LiH and 7 LiD in B1 phase. In the 2DM, it is required to satisfy a condition of
it reduces back to the 1DM. Hence the deviation of θ A(B)
from θ 0 measures the significance of 2DM against 1DM.
For comparison, the single-Debye model is also assessed. errors of 1DM and 2DM when used to reproduce the QHA vibrational free energy in both B1
and B2 structures for 6 LiH, 6 LiD, 6 LiT, and 7 LiT at different pressures and temperatures.
It can be seen that at 300 K, the vibrational free energy of 6 LiH reproduced by 1DM has the largest relative errors ranging from 7.27% to 10.98% for both B1 and B2 phases at 100 and 450 GPa, respectively. Note that the relative errors at 3000 K are greatly reduced. Heavier hydrogen isotopes have less relative errors. This is because that the large mass of hydrogen isotopes reduces its vibrational frequencies, and the phonon spectrum becomes more similiar to that of a single-Debye model. When the 2DM is employed to represent the QHA results, all of the relative errors in 6 LiH, 6 LiD, and 6 LiT are reduced by one or two orders in the magnitude. Note that for the B2 structure at 100 GPa and 3000 K, the relative error of 2DM is slightly smaller than that of 1DM, and both are less than 3.97%. This indicates that 1DM and 2DM have similar precision to reproduce the QHA data under this condition, but 2DM is much better in all other cases. The good performance of 2DM is attributed to the multiple peaks in the phonon spectrum of lithium hydrides, which are easier to be captured by 2DM than 1DM. Figure 5 displays the phDOS of the first-principles QHA and that of 2DM in B1 and B2 structures of 6 LiH at 100 and 450 GPa, respectively. It is evident that the shape of g F P (ω) is more close to 2DM than 1DM, the latter has just one peak. For the standard single-Debye model, the thermal pressure is given by:
Here the Grüneisen parameter γ 0 is a smooth function of volume, and usually can be described by Eq. (14) approximately. The Grüneisen parameters γ A(B) in 2DM also have a similar behavior as γ 0 , and Eq. (14) works well for most cases, except for 7 LiT. In Supplementary Figs. S1 and S2, we plot the variation of θ A and θ B of 7 LiT in B1 and B2 phases as a function of volume. It can be seen that both θ A and θ B are well-behaved in B2 phase, and can be described by Eq. (14) very well. However, θ A and θ B show irregular variation in B1 phase, and the corresponding Grüneisen parameters thus can not be derived. The exact cause of this abnormality is unclear, and requires further investigation in the future.
Therefore, for the B1 phase of 7 LiT we simply use the 1DM to reproduce the QHA results.
This gives a slightly larger error at low temperatures, as shown in Table III . Note that in this figure, the cold pressure curve of Vinet EOS does not include the ZPE contribution, whereas those marked as 0 K do include ZPE. It can be seen that the cold EOS (represented by Vinet EOS model) is remarkably incompressible than the experimental data, especially at high pressures. The vibrational contribution softens the EOS greatly. In particular, the 300 K isotherm is in good agreement with the experimental data, whereas the 0 K isotherm is still less compressible. This reveals that zero-point motion and temperature play a significant role in the EOS of lithium hydrides. The change of the lattice constant with temperature for the B1 phase in 7 LiH at ambient pressure is shown in the inset of experimental data 49 . It should be noted that both 2DM and 1DM give a similiar static compression curve in the whole considered pressure range.
The isotopic shift in the pressure between 7 LiH and 7 LiD at 300 K has been measured experimentally 7 . Previous DFPT results 23 revealed the important role of ZPE in this isotopic shift at low pressures. Here we employ the 2DM and 1DM to calculate the isotopic shift for the whole pressure range considered in the experiment. As shown in Fig. 7 
than
7 LiT. Note that 6 LiH also reverses the relative position of its boundary with respect to 6 LiD and 6 LiT. At very high temperatures of close to 3000 K, the isotopic shift diminishes. It is necessary to point out that except 7 LiT, all of 6 LiX (X = H, D, T) show a weak reentrant feature in their B1-B2 phase boundary. Namely, within a narrow pressure range just above the 0 K transition pressure, increasing temperature will transform the compound back to the B1 phase, and further increasing temperature will bring it back to the B2 phase again.
By far, it is unclear whether it is a unique property of lithium hydrides or also shared by other alkali hydrides. , where T m (P ) is the melting temperature at a given pressure P , we obtain a first-principles phase diagram of LiH, and show it in Fig. 9 .
The B1-B2-liquid triple point is determined at 241 GPa and 2413 K. Here we note that the isotopic effects on the melting curves between 6 LiH and 7 LiH is negligible, because of the small relative mass difference between them.
Besides the static experiment such as DAC, dynamical compression is also an important method to explore the high pressure physics. The principal shock Hugoniot of 6 LiH calculated by 2DM is shown in Fig. 9 , and is compared with the deduced data of the shock-wave experiment reported by Marsh 52 (the details of calculating shock Hugoniots from first-principles calculations are referenced to Ref. [53] ). It can be seen that our results are in good accordance with the deduced data of shock wave experiments. Only when the shock pressure is higher than 25 GPa, our 2DM predicts a slightly higher shock temperature.
However, the slight deviation in shock temperature might not be due to the QHA data or the fitting error in 2DM. It should be noted that the samples of the shock wave experiment in Ref. [52] ) contained a little impurities (4.5% 7 Li). This might modify the phonon spectra and lattice specific heat, and thus reduce the lattice dynamics contributions.
Our calculation predicts that the shock melting occurs at 1923 K and 56 GPa, which is far from the stable region of B2 solid phase. As shown in Fig. 9 , a direct shock of LiH cannot cross the B1-B2 phase boundary. Besides isentropic or multiple shock compression techniques, precompression of the sample at low pressure is an alternative route to enter the B2 solid phase. We find that in order to pass through the triple point and to enter the B2 phase, it requires at least a precompression of 50 GPa at 293 K. The resultant precompression plus shock Hugoniot is also shown in Fig. 9 . When entering the B2 phase along this path, there is a temperature drop of 230 K. The corresponding volume collapse is about 4.6% (see Fig. S3 in the supplemental material). By comparison, the same B1 → B2 transition at 0 K has only 1.2% volume collapse.
IV. CONCLUSIONS
In summary, we have performed comprehensive first-principles calculations to understand the electronic structures, thermodynamic properties, and phase diagram of lithium hydrides.
By investigating the electronic structures, we found that LiH is not a pure ionic compound with nominal charge state. There is a strong interaction between Li + and H − sublattices of the assumed pure ionic compound, which leads to a charge transfer from the latter back to the former, and results in a strong spd hybridization in the real LiH. At low pressures, the electronic structure near the Fermi level is determined by H − sublattice, whereas it is dominated by Li + sublattice at high pressures. The first-principles QHA was used to describe the lattice dynamics. The discrete phonon data were then fitted to a double-Debye model with only nine parameters, which accurately reproduces the first-principles vibrational free energy. The isotopic effects on the equation of states and the B1-B2 solid phase boundaries of lithium hydrides are also well modelled. Furthermore, the phase diagram of LiH was amended and completed by first-principle method, which predicts a triple point at 241 GPa and 2413 K. Extended analysis revealed that a precompression of the sample to 50 GPa will make the shock Hugoniot go through the B1-B2 boundary and enter the B2 solid phase with a discontinuity having large volume collapse. Considering that lithium hydrides are applied widely in industry and nuclear power engineering, our results will be practical helpful and stimulate further theoretical and experimental investigations. 
